Several medical implants fail due to insufficient tissue contacts. Biomaterials with spiky surfaces induce phagocytic processes. Plasma polymer nanocoating is able to alleviate unfavorable cell physiological reactions on microtopographies.
Introduction
Cells are sensitive to their underlying micro-and nanotopography; in particular topographical features on microscale level offer cues that cause diverse cell responses. These responses range from altered adhesion behavior, resulting in changed integrin expression as well as signaling to a disturbed cell function (Luethen et al., 2005; Staehlke et al., 2015; Moerke et al., 2016) . Because of steadily increasing human lifespans and the associated rising requirements placed on body parts, temporary and permanent orthopedic implants are gaining more and more relevance. An orthopedic implant should establish a mechanically solid interface with complete fusion of the material within the native bone tissue. This process is called osseointegration and can determine the successful ingrowth of the implant into the native bone, which is achieved by accelerating the onset and the rate of immediate osteoblastic cell attachment as well as proliferation (Bacakova et al., 2011) . Therefore, implant surface design with its topographical as well as chemical properties, has a huge impact on osseointegration [3] [4] [5] [6] . Implant materials have to fulfill certain requirements concerning corrosion resistance and biocompatibility. Titanium is an inert and biocompatible material and therefore commonly used as an orthopedic implant material (Bacakova et al., 2011) . Osseointegration is enhanced on rougher titanium surfaces rather than on smooth ones, but it is also accompanied by changes in the cell physiology, such as the integrin expression if the titanium surface features sharp edges (Luethen et al., 2005; Bacakova et al., 2011) . New implant design strategies pursue the development of new bioactive surfaces to evoke cellular responses which promote osseointegration (Wennerberg and Albrektsson,
Results and Discussion

Nanocoating and surface characteristics:
To chemically functionalize a biomaterial surface the deposited nanolayer should have a homogenous distribution. Therefore, a surface characteristic using X-ray photoelectron spectroscopy (XPS) to detect the elemental surface composition is mandatory. The density of the amino groups NH2/C of the plasma polymerized allylamine (PPAAm) nanolayer was about 3% and the film thickness ~25 nm due to the plasma deposition time of 480 s. After the PPAAm coating, no Ti or Si components were found on the surface (Fig. 1) . The homogenous PPAAm coating renders the surface more hydrophilic with water contact angles for PPAAm-coated Ti versus untreated Ti (planar) of 48° and 78°, respectively (Finke et al., 2007; Liu et al., 2014) , and creates positively charged surfaces (zeta potential of PPAAm-coated Ti versus untreated Ti with +7.7 mV and -3.4 mV, respectively) (Finke et al., 2007) .
Nanocoating and cell morphology:
The micropillars were coated with PPAAm to enhance the cell-material contact by increasing the surface-occupying cell area. We observed earlier, that the PPAAm coating promotes the initial cell spreading after seeding the cells and increased the cell mobility (Finke et al., 2007; Rebl et al., 2016) .The PPAAm coating has proved to be a cell adhesive layer and osteoblasts can overcome topographical restrictions, e.g. guidance due to machined grooves (Rebl et al., 2012; Rebl et al., 2016) . We observed that the osteoblastic cells try to internalize these surface-fixed micropillars (Moerke et al., 2016) and hypothesized that cells possibly increase their cell-surface contact, because this cell-surface contact is essential for the maintenance of the osteoblast specific cell function (Saldana and Vilaboa, 2010).
In Figure 2 , the enhanced cell spreading after PPAAm-coating is impressively to be seen.
The scanning electron microscopy (SEM) images show widely spread-out cells reaching the bottom of the microtopography already after 30 min on PPAAm-coated pillar surfaces. On Journal of Cell Science • Accepted manuscript the uncoated micropillars, the cells exhibited a more spherical form and sit on a maximum of four pillars, whereas on PPAAm, the cells covered more than four pillars. After 24 h of cultivation, the changes were no longer as drastic as those seen after 30 min. The osteoblasts on the PPAAm-coated micropillars were still more spread out, with the micropillars more imprinted into the cells. Enhanced spreading as well as molding into the topography was also observed on stochastic surfaces after PPAAm coating, e.g. on machined Ti (Rebl et al., 2012; Finke et al., 2007) .
Cells' caveolin-1 and actin filaments:
Characteristic for the attempted caveolae-mediated phagocytosis on microstructures is a clear dot-like clustering of Cav-1 accompanied with accumulated, short filaments of actin on the micropillar plateaus. To be sure that this is a common phenomenon of cells on micropillars we also observed the Cav-1 distribution in human primary osteoblasts, human primary fetal osteoblasts as well as the osteoblastic cell lines Saos-2 and U-2Os and found the same accumulated pattern (Moerke et al., 2016) . The question arose, whether the osteoblasts still express the Cav-1 clusters and the clustered actin filaments on the pillar tops after coating with PPAAm. Immunofluorescence labeling reveals less Cav-1 cluster formation on the P-5x5 + PPAAm (Fig. 3) , which is comparable with Cav-1 on uncoated micropillars after the longer cell cultivation up to 96 h (Moerke et al., 2016) . Cav-1 was found to be more concentrated around the pillar walls and in regions of the pillar edges after the 24 h growth period.
The actin cytoskeleton was accumulated in a ring-like fashion around the PPAAm-coated micropillars after 24 h (Fig. 4A) , similar to the cells on the uncoated micropillars not earlier than 72 up to 96 h cultivation time (Moerke et al., 2016) . The correlative light and electron microscopy (CLEM) is a method to demonstrate the cell components, e.g. the actin filaments as observed in our experiments, in precise positions to the sample topography, the micropillars. Thus, it is impressively to be seen that the pillars are enveloped by the actin filaments (Fig. 4B) Surfaces, such as the geometrical micropillars as well as rough corundum-blasted Ti, which is a commercially used orthopedic implant design, offer the osteoblasts insufficient surface interaction area and induce internalization processes of the surface features [3] . These lead to impaired osteoblast cell function as well as biomaterial-tissue interactions in the first phase of osseointegration. A coating such as PPAAm, which enhances the cell attachment and spreading and the interaction with the topography, was shown to reverse these topography-induced negative effects and may also be beneficial for the improvement of commercially used rough surfaces.
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Gene expression:
In our earlier experiments we observed a significantly increased Cav-1 gene expression on the micropillars, likely due an attempt to phagocytize every individual post (Moerke et al., 2016) . The PPAAm coating influenced this process such that the Cav-1 gene expression showed only a trend toward elevation (Fig. 5B) .
The osteoblast marker gene expression was drastically reduced after 24 h on uncoated (Fig. 5A) , whereas after PPAAm coating these genes showed only a trend toward decrease or no difference to the planar reference. However, the gene expression of alkaline phosphatase (ALP) was significantly diminished on uncoated as well as PPAAm coated micropillars (Fig. 5A) . ALP is involved in the mineralization of the bone ECM. This leads to the assumption that the ALP gene expression is not caused by lessened cell-surface interaction, but more by the phagocytic process itself. If a process requires high energy demands, such as phagocytosis, other energy expenditures must be abated, e.g. the expression of proteins, such as ALP, which are redundant in case the cells produce less ECM or are occupied with the establishment of sufficient cell-ECM contact (Ataullakhanov and Vitvitsky, 2002) . In particular it is to be taken into account that high energy demands are placed on osteoblasts not only during phagocytosis, but also during the production of the ECM, by expressing and secreting ECM proteins (Komarova et al, 2000) . However, in experiments with polished titanium (Ti) (roughness average Ra = 0.19 µm) the PPAAm coating promoted the ECM expression of MG-63 cells, as is seen by the middle-to-late-stage differentiation-related ALP-and bone sialo protein (BSP)-mRNA (Nebe et al., 2007) .
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Cell adhesion mechanism:
An important question remains: how does the PPAAm nanocoating enhance the initial cell spreading? The pericellular matrix substance hyaluronan (HA) plays a key role in initial interface interactions and is essential for the first encounter of cells with the substrate (Fig.   6 ) (Zimmermann et al., 2002; Finke et al., 2007; Nebe and Luethen, 2008) . HA is a high Instead, we observed the calcium dynamics in vital cells.
Calcium signaling:
In vital osteoblasts on PPAAm we could identify highly active cells by analysis of the calcium mobilization capacity. The basal level of intracellular calcium ions (0-180 s) was already significantly higher in osteoblasts established for 24 h on P-5x5 + PPAAm than on P-5x5 with mean fluorescence intensity values (MFI) of 42.03 ± 0.05 and 26.18 ± 0.14 (mean ± s.e.m.), respectively (Fig. 7A) . It is impressively to be seen, that these 24 hadherent cells on PPAAm react intensively after ATP stimulation with a high increase of intracellular calcium ions. The difference in the calcium dynamics of fluo-3 stained cells on P-5x5 + PPAAm (MFI peak at 188 -246 s: 96.45 ± 5.36; maximum MFI value 130.35 ± 13.11) is significant compared to cells grown on P-5x5 (MFI peak at 188 -246 s:
44.43 ± 1.84; maximum MFI value 53.36 ± 10.78) (mean ± s.e.m.) (Fig. 7A) . The same cellular reactivity was found in human primary osteoblasts (HOB) after 24 h cultivation: a significantly higher calcium mobilization capacity on P-5x5 + PPAAm (MFI peak at 188 -246 s: 91.81 ± 1.13, maximum MFI value 100.46 ± 6.47) compared to HOB cells on P-5x5 (MFI peak at 188 -246 s: 66.62 ± 2.52, maximum MFI value 82.49 ± 7.89).
After 30 min of cell cultivation on P-5x5 + PPAAm, MG-63 osteoblasts showed not only a more spread morphology compared to uncoated pillars as shown in Fig. 3 (30 min) but also a significantly higher calcium mobilization after stimulation with ATP ( Fig. 7B) (P5x5 + PPAAm: MFI peak at 188 -246 s: 81.40 ± 2.89, with maximum MFI value 107.30 ± 40.90; P-5x5: 49.3 ± 0.99, with maximum MFI value 53.88 ± 19.1). Already the basal calcium signal in 30 min-adherent cells is increased on P-5x5 + PPAAm (MFI mean ± s.e.m.: 55.34 ± 0.14) but not significant vs. P-5x5 (MFI mean ± s.e.m.: 37.78 ± 0.13) in direct statistical comparison using multiple t-test (Fig. 7B) . Staehlke et al. (2016) Journal of Cell Science • Accepted manuscript demonstrated earlier the negative influence of the cubic pillar topographies on calcium signaling and dynamics compared to a planar Ti surface. Here, we could display that cells on these pillars coated with an additional plasma-nanolayer (PPAAm) with positively charged amino groups can overcome the negative influence of the pillared topography and increase their activity despite the sharp edged surface structure. This may also contribute to the positive outcome in cell function parameters typical for osteoblasts, e.g. collagen-I and osteocalcin (see Fig.5 ). The local physical microenvironment can not only modulate cell shape and mechanics (Bellas et al., 2014) , but also the activity of cells as shown here for intracellular Ca 2+ levels. Although cells on pillars feel the same microtopography (range 5 µm) the additional nanolayer (PPAAm) is decisive to trigger the cells in a more active state.
We could shed light on how plasma polymer nanocoatings can strongly alleviate the restrictions of a microtopography concerning cell functions and cell signaling. This could have importance for implant surface design and production in cases where mechanical aspects of an implant have to be considered.
Conclusion
The present study confirms the hypothesis of the osteoblasts wanting to create the highest cell-surface contact to maintain their osteoblast-specific function, displayed by the production and secretion of ECM proteins. Moreover, this analysis demonstrates that chemical surface modification with a plasma polymer nanolayer is able to attenuate the microtopographymediated cell alterations. This PPAAm-coating process could contribute to improved cell acceptance of rough surfaces with extraordinary topographies, e.g. corundum-blasted titanium for mechanical stability of orthopedic implants.
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Materials and methods
Titanium (Ti) surfaces
Periodically microtextured samples (size 1 cm²) with a regular cubic pillar geometry on the surface having a dimension of 5 x 5 x 5 µm in width x length x height and 5 µm in spacing (P-5x5) were used (Fig. 8) . 
Plasma polymer nanocoating and surface characterization
Plasma polymerized allylamine (PPAAm) functionalization was performed in a low-pressure plasma process reactor V55G (plasma finish, Germany, V = 60 l) in a two-step procedure with the precursor allylamine (Rebl et al., 2012) . The plasma deposition time for the pulsed plasma process was 480 s gross. The elemental chemical surface composition was determined by high-resolution scanning X-ray photoelectron spectroscopy (XPS). The Axis Ultra (Kratos, UK) ran with the monochromatic Al Kα line at 1486 eV (150 W). The spot size for high resolution measurements was limited to 250 µm. Spectra were recorded at a pass energy of 80 eV (Finke et al., 2007) .
Osteoblast cell culture
The human osteoblast-like cell line MG-63 (American Type Culture Collection ATCC ® , CRL1427™) was used throughout the experiments. MG-63 cells have an integrin subunit profile similar to primary human osteoblasts and were considered applicable for studying initial cell attachment processes to surfaces (Czekanska et al., 2012) . In our own experiments, we found similarities in the formation of β1-and β3-integrin receptors in MG-63 osteoblasts grown on structured titanium (e.g. glass-blasted, corundum-blasted) which is 
Real time quantitative PCR for mRNA expression
Total RNA was isolated after 24 h cell growth on the samples using a NucleoSpin ® RNA II kit 
Confocal laser scanning microscopy (LSM)
Fluorescent cells were observed using an inverted confocal laser scanning microscope LSM 780 (Carl Zeiss AG, Oberkochen, Germany) with a ZEISS oil immersion objective (CApochromat 63). For image acquisition the ZEISS Efficient Navigation (ZEN) 2011 SP4
(black edition) software was used. All images were displayed as three dimensional z-stacks:
13 stacks with an interval of 1 µm. High-resolution images of the actin cytoskeleton in figure   4B (insert) were recorded with the LSM 410 (Carl Zeiss AG), equipped with a 63x oil immersion objective (1.25 oil/ 0.17). For visualization of the corresponding substrate region, the reflection mode was used and the pillars were false colored in green.
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Correlative light and electron microscopy (CLEM)
For correlative microscopy, the fluorescence images of the actin stained, non-embedded samples were acquired with the upright microscope AxioScopeA1 (Carl Zeiss) equipped with a 63x water objective. The calibration of the samples and image overlay was performed with the software AxioVision vers. 4.8.2 (tool: shuttle and find). Calibration of the samples was accomplished by using the edges of the sample as point of reference. Afterwards the samples were prepared for scanning electron microscopy as described in the corresponding paragraph.
Scanning electron microscopy (SEM)
Cells were grown for 30 min, or 24 h on the samples, washed with PBS three times and then fixed with 2.5% glutardialdehyde (Merck KGaA, Darmstadt, Germany) for 1 h at R.T., 
Statistical analysis
Statistical analyses were carried out with GraphPad Prism5 software (GraphPad Software Inc., La Jolla, CA, USA). Results are presented in box plots with medians, quartiles and an interquartile range (IQR) ± 1.5 x IQR. Data analyses were performed using the MannWhitney U test. For Ca 2+ analyses the multiple t-test was used in addition and the time dependent data are presented as mean ± standard error of the mean (s.e.m.). P-values < 0.05 were considered to indicate significant differences.
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